Abstract Aims/hypothesis: Glucose toxicity and glucosamine-induced insulin resistance have been attributed to products of glucosamine metabolism. In addition, endothelial cell nitric oxide synthase is inhibited by glucosamine. Since insulin has endothelial nitric-oxide-dependent vasodilatory effects in muscle, we hypothesise that glucosamine-induced insulin resistance in muscle in vivo is associated with impaired vascular responses including capillary recruitment. Materials and methods: Glucosamine (6.48 mg kg
Introduction
Chronic hyperglycemia has been shown to induce insulin resistance, a phenomenon known as glucose toxicity [1] . This was demonstrated to be dependent on the presence of glucose, insulin and glutamine and to involve the hexosamine biosynthesis pathway [2] [3] [4] . Further studies revealed that insulin resistance could also be induced by glucosamine [4] , which increases flux through the hexosamine biosynthesis pathway by bypassing the rate-limiting step catalysed by glutamine fructose-6-phosphate amidotransferase (GFAT). Overexpression of this enzyme in skeletal muscle and adipose tissue of transgenic mice has also been found to cause insulin resistance [5] .
Whereas the earlier studies were carried out in adipocytes [2] [3] [4] , glucosamine also induces insulin resistance in skeletal muscle and liver in vivo [6] [7] [8] [9] . The rate of glycogen synthesis is reduced [6, 8] and glycolysis is either reduced [6, 7] or not affected [8] . Considering that glucosamine also induces insulin resistance in incubated muscles [10, 11] , there is a cellular component to insulin resistance. However, it is also possible that there is a haemodynamic element with resultant impairment of both insulin-mediated limb blood flow and capillary recruitment. Inhibition of insulin's haemodynamic action has been shown to be associated with decreased insulin-mediated glucose uptake [12] [13] [14] .
When infused locally [15] , inhibitors of nitric oxide synthase (NOS) block insulin-mediated increases in blood flow, and also block insulin-mediated capillary recruitment when infused systemically [16] . For capillary recruitment, the higher sensitivity to insulin [17] and the fact that time course studies show capillary recruitment to be the earliest change caused by insulin in vivo [18] suggest that endothelial cells, in particular endothelial nitric oxide synthase (eNOS), are the source of nitric oxide (NO). Glucosamine inhibits eNOS [19] and the infusion of glucosamine in anaesthetised rats reduced limb blood flow during an insulin clamp where flow was assessed by radioactive microspheres [20] , a measure of total flow to specific muscles.
Therefore, the aim of this study was to investigate whether glucosamine-induced insulin resistance in muscle in vivo also involves impairment of the haemodynamic actions of insulin, particularly capillary recruitment.
Materials and methods
Animals All procedures adopted and experiments undertaken were approved by the University of Tasmania Animal Ethics Committee. Male hooded Wistar rats (University of Tasmania Animal House, Hobart, TAS, Australia) weighing 245±3 g were raised on a commercial diet (Pivot, Launceston, TAS, Australia) containing 21.4% protein, 4.6% lipid, 68% carbohydrate and 6% crude fibre with added vitamins and minerals together with free access to water. Until the day of surgery, rats were housed at a constant temperature of 21±1°C with a 12 h/12 h lightdark cycle. Food and water were freely available until animals were anaesthetised.
In vivo experiments These were carried out in anaesthetised rats as described previously [21] . Anaesthesia was necessary to prevent movement effects on capillary recruitment and was introduced using Nembutal 50 mg/kg body weight and maintained for the duration of the experiment using a continual infusion of 0.6 mg min −1 kg −1 via the left jugular cannula. In brief, polyethylene cannulas (PE-50, Intramedic, Beckton Dickinson, Parsippany, NJ, USA) were surgically implanted into the carotid artery for arterial sampling and continuous measurement of blood pressure (pressure transducer Transpac IV, Abbott Critical Care Systems, Morgan Hill, CA, USA), and into both jugular veins for continuous administration of anaesthetic and other intravenous infusions. A tracheotomy tube was inserted and the animal was allowed to breathe room air spontaneously throughout the course of the experiment. Small incisions (1.5 cm) were made in the skin overlaying the femoral vessels of both legs, the femoral artery was separated from the femoral vein and saphenous nerve, and an ultrasonic flow probe (VB series 0.5 mm; Transonic Systems, Ithaca, NY, USA) was positioned around the femoral artery of one leg just distal to the rectus abdominis muscle prior to the point where the epigastric artery leaves the femoral artery. After placement of all cannulae, of the flow probe, and following 1 h of equilibration, rats were infused for 3 h with either glucosamine (6.48 
where F is the rate of tracer infusion and SA is the specific activity of glucose [22] . SA was calculated from the plasma radioactivity divided by the glucose concentration.
Although the conditions in the glucosamine group are not strictly steady-state, the increase in blood glucose was only minimal over the final hour (approximately 10%) and therefore it was a reasonable approximation to use the equation for steady state. Assuming the SA also changed by 10% over the final hour, it was calculated that the error in the R a and R d measurements would only be approximately 5%. Femoral arterial blood flow and capillary recruitment Femoral arterial blood flow (FBF) was continuously measured from a Transonic flow probe positioned around the femoral artery of one leg. Capillary recruitment was determined by measuring the metabolism of infused 1-methylxanthine (1-MX), a substrate targeted for xanthine oxidase, which in the hind leg muscle is located predominantly in capillary endothelium [23] . 1-MX (Sigma Chemical, St Louis, MO, USA) was infused at a constant rate (0.5 mg kg
, Fig. 1 ) to maintain a steady-state arterial level of approx. 20 μmol/l. As noted previously [12, 21] this was achieved by partly inhibiting the activity of xanthine oxidase with allopurinol [24] (10 μmol/kg), administered as a bolus dose 5 min prior to commencing the 1-MX infusion (Fig. 1) . This not only allowed constant arterial concentrations of 1-MX to be maintained throughout the experiment, but also lowered the K m of the enzyme sufficiently for 20 μmol/l 1-MX to be well above saturation (Harper MJ, Rattigan S, Clark MG, unpublished observations).
Plasma (100 μl) from arterial and leg venous blood samples taken at the end of the experiment was mixed with 20 μl of 2 mol/l perchloric acid and centrifuged for 10 min. The supernatant was used to determine 1-MX, allopurinol and oxypurinol concentrations by reverse-phase HPLC as previously described [21] . Capillary recruitment, expressed as 1-MX metabolism was calculated from arterio-venous plasma 1-MX concentration difference and multiplied by FBF. The concentration in plasma was corrected for the volume accessible to 1-MX, determined from plasma concentrations obtained after additions of standard 1-MX to whole rat blood to be 87.1%. The rate of 1-MX metabolism across the hind leg (expressed as nmol/min) reflects conversion by capillary endothelial xanthine oxidase to the sole product, 1-methyl urate [25] .
Xanthine oxidase activity This was assayed in muscles frozen in liquid nitrogen at the end of the experiment and stored at −70°C until assayed. Muscle was powdered under liquid N 2 and 400 mg was homogenised in 2 ml of buffer (50 mmol/l Na 2 HPO 4 , 0.1 mmol/l Na 2 EDTA, 4 mmol/l DTT, 0.5 mg/ml trypsin inhibitor, pH 7.4) and then centrifuged for 30 min at 50,000×g. The supernatant was passed through a PD-10 desalting column (Amersham Pharmacia Biotech, Uppsala, Sweden) and the protein fractions collected. A sample of the protein fraction (100 μl) was added to the assay mix (0.9 ml), which consisted of buffer (as above) and 100 μmol/l xanthine, the substrate for xanthine oxidase, and was incubated at 37°C for 60 min. The reaction was stopped by adding 250 μl of assay mix to 50 μl of 2 mol/l perchloric acid. The amount of uric acid formed from xanthine was determined by HPLC using a Luna 5 μm C8 column (Phenomenex, Torrance, CA, USA) with isocratic separation in 50 mmol/l NH 4 H 2 PO 4 pH 3.5 buffer at 1.2 ml/min. Protein amounts were determined using a Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Activity was expressed as pmol min
protein.
Plasma glucosamine Plasma levels of glucosamine in vivo were determined in arterial samples taken at 180 min [26] . Protein free plasma samples were neutralised and reacted at room temperature for 20 min with a mixture of methanol : triethylamine : phenylisothiocyanate (70:10:5). After quenching the reaction with 1.5% acetic acid, two chloroform extractions were performed. The aqueous phase, along with similarly treated standards, was run on HPLC to determine the content of glucosamine [26] .
Data analysis All data are expressed as means±SE. Mean FBF, mean heart rate and mean arterial BP were calculated from 5-s subsamples of the data, representing approximately 500 flow and pressure measurements every 15 min. Vascular resistance in the hind limb was calculated as mean arterial BP in mmHg divided by FBF in ml/min and expressed as resistance units (RUs). HGU was calculated from A-V glucose difference and multiplied by FBF and expressed as μmol/min. In order to ascertain differences between treatment groups at the end of the experiment (180 min), one-way analysis of variance was used. When a significant difference (p<0.05) was found, Dunnett's test was used to determine which groups were significantly different from N-glucosamine (GlcN) control. Pairwise comparisons were made using the Student-Newman-Keuls Method. All tests were performed using the SigmaStat statistical program (Jandel Software, San Raphael, CA, USA).
Results
Plasma glucosamine, glucose and insulin Plasma glucosamine was undetectable in basal samples from all rats and also at the completion of the insulin infusion. The infusion rate of glucosamine of 6.48 mg kg −1 min −1 was based on that used by others [8] and raised plasma glucosamine to 1.9±0.1 mmol/l and 2.0±0.2 mmol/l in the glucosamine and the insulin+glucosamine groups, respectively. Preliminary studies using the isolated perfused rat hind limb had shown that 2 mmol/l glucosamine significantly increased metabolites of the glucosamine pathway in muscle (UDP-N-acetylglucosamine increased from 66.5±5.5 [n=6, saline] to 143.2±4.3 nmol/g wet wt [n=6, GlcN]). Blood glucose was not significantly different between the three groups ( Fig. 1) or saline at the beginning of the experiment. Glucosamine infusion caused a significant rise in blood glucose levels (Fig. 2) ; however, in the insulin and insulin+ glucosamine groups blood glucose levels were clamped to the basal level.
Basal plasma insulin levels were not significantly different between the three groups (glucosamine 279±33 pmol/l; insulin 184±21 pmol/l; insulin+glucosamine 194± 44 pmol/l). In both the insulin and insulin+glucosamine groups, insulin levels were significantly raised to 1,724±133 and 1,715±252 pmol/l, respectively. Despite the rise in blood glucose levels in the glucosamine group, there was no significant increase in insulin levels throughout the experiment (358±72 pmol/l). This is consistent with the findings that glucosamine impairs glucose-induced insulin secretion in rats [6, 27] .
Glucose metabolism The glucose infusion rate in the insulin+glucosamine group was significantly lower than for insulin alone (Fig. 2) . The glucose infusion rate and the specific activity of [ 3 H]glucose at steady state (180 min) were used to determine glucose appearance (R a ) and glucose disposal (R d ). The specific activity values (kBq/mg) were 1.09±0.05 (saline), 0.95±0.03 (glucosamine), 0.53±0.03 (insulin) and 0.81±0.04 (insulin+glucosamine). Glucosamine alone had no effect on either R a or R d relative to saline control (Fig. 2) , but blocked both the insulin-mediated decrease in R a and the increase in R d . Since the rats were not fasted, the values of R a may be slightly overestimated as a result of the absorption of glucose from the gut, thereby explaining why glucose appearance largely of hepatic origin was not more fully suppressed by 10 mU kg
insulin. Specifically with regard to glucose metabolism across the hind leg, glucose extraction was increased in the insulin and insulin+glucosamine groups relative to saline, and glucosamine alone significantly decreased glucose extraction relative to saline (Fig. 3) . When blood flow was taken into account, the increase in hind leg glucose uptake by insulin was significantly reduced in the insulin+ glucosamine group (Fig. 3) . Glucosamine alone appeared to give rise to a lower glucose uptake than saline alone, but this was not significant. Figure 4 shows that basal mean arterial pressure was similar in all groups, but by the end of the experiment both the insulin and insulin+ glucosamine groups (117±3 mmHg) showed significantly higher pressures than the glucosamine-alone group (106±3 mmHg). None of the infusions affected heart rate ( Fig. 4) . At the end of the experiment, FBF was significantly higher in the insulin group than in the saline or glucosamine-alone groups; however, in the insulin+glucosamine group, insulin did not significantly raise the flow above that of the glucosamine-alone group (Fig. 4 ). There was a trend for insulin to reduce femoral vascular resistance and for this effect to be blocked in the insulin+ glucosamine group, although this did not reach statistical significance (Fig. 4) .
Haemodynamic measurements

1-MX Metabolism
There were no differences in the arterial plasma levels of 1-MX between the four groups; these were 19.3±1.0, 22.5±1.9, 23.7±1.5 and 23.5±2.5 μmol/l for saline, glucosamine, insulin and insulin+glucosamine, respectively. Arterial plasma levels of oxypurinol also did not differ and these were 4.5±0.3, 4.7±0.2, 5.6±0.7 and 5.2±0.3 μmol/l for saline, glucosamine, insulin and insulin+glucosamine, respectively. The 1-MX disappearance was significantly increased by insulin relative to either saline or glucosamine alone (Fig. 5 ) and in the insulin+glucosamine group 1-MX metabolism was significantly different from insulin alone, indicating that insulin's ability to recruit capillaries was totally blocked by glucosamine (Table 1) . Xanthine oxidase activity Metabolism of 1-MX by xanthine oxidase of the hind limb muscle vasculature, which is measured under saturating conditions of 1-MX, has been shown to reflect changes in nutritive flow [25, 28] . However, because conditions are saturating, a change in the level of xanthine oxidase activity could also influence the rate of metabolism of 1-MX. Accordingly, xanthine oxidase activity was determined for the critical experiments. We found no significant difference in the xanthine oxidase activity measured in tibialis muscle extracts at the completion of the experiment (glucosamine 61±9; insulin 58± 7; insulin+glucosamine 62±14 pmol min −1 mg −1 protein). Therefore it is likely that differences in 1-MX metabolism are indicative of changes in capillary surface area, rather than an effect on constitutive xanthine oxidase activity.
Discussion
In agreement with others, our in vivo experiments showed that glucosamine markedly reduced insulin-stimulated glucose disposal, hind limb glucose uptake and also impaired insulin's ability to suppress glucose appearance, presumably as hepatic glucose output [6] [7] [8] 29] . The important findng in this study was that glucosamine infusion markedly impaired insulin-mediated increases in total flow and capillary recruitment. An impairment of insulin-mediated increases in total flow has been observed by others [20] when total flow to individual muscles in vivo was assessed using microspheres at the completion of the experiment. However, this is the first study to demonstrate that the microvascular response to insulin in terms of capillary recruitment is also blocked by glucosamine.
To assess changes in capillary recruitment, we used the 1-MX method, which in previous studies [21] has proved to be appropriate for assessing acute changes in capillary recruitment, providing steady-state conditions apply for both substrate and enzyme. For the enzyme, total xanthine oxidase activity was not altered by acutely administered glucosamine. With regard to the substrate, we established that the plasma 1-MX concentration is at steady state with the procedure used in the present study, provided that partial inhibition of whole-body, in particular renal 1-MX metabolism, is reduced. Most importantly we had previously directly compared the 1-MX method with an ultrasound/ microbubbles imaging method [17] and the agreement between the two methods was excellent. Also a third method involving scanning or fixed probe LDF, has shown an insulin-mediated capillary recruitment in muscle in vivo [30] .
Despite the loss of insulin-mediated haemodynamic effects, the interaction between insulin and glucosamine is likely to be complex. In particular, the temporal relationship between insulin signalling and impairment by glucosamine is hard to predict and may depend on duration of exposure and when each is added relative to the other. For the present in vivo experiments our objective was to test whether the early microvascular effect of insulin [18] was impaired by glucosamine. Our approach was to add glucosamine and insulin simultaneously in the belief that the initial site of interaction was the endothelial or vascular smooth muscle cells, from where bulk flow and capillary recruitment are likely to be controlled. The outcome was that each of the insulin-mediated haemodynamic effects was blocked and overall insulin-mediated glucose uptake by the hind leg reduced by approximately 50%.
The present findings may explain part of the basis of the insulin resistance that develops in vivo where this would now appear to involve a major impairment of the vasculature. Thus, although the exact mechanism of glucosamineinduced insulin resistance is not established, it has been proposed that either insulin signalling is inhibited and/or the translocation of GLUT4 is impaired. While there is some evidence for the former, there are some discrepancies in the findings. One research group [31] reported that insulinstimulated IRS-1 tyrosine phosphorylation was reduced by glucosamine, whereas another [32] found this was preserved in glucosamine-treated rats. When measured 1 min after a bolus injection of insulin, PI3 kinase (PI3K) activity associated with IRS-1 was decreased by glucosamine infusion, on the other hand, when the activity was measured following 2 h of insulin infusion, no effect of glucosamine was observed [32] . Also, it was found that glucosamine reduced insulinstimulated IRS-1-associated PI3K activity [31] ; however, these measurements were taken at the end of a 6 h infusion of insulin and glucosamine. Interestingly, when this was measured after only 2 h infusion, glucosamine had no effect [31] . In contrast to this, impaired insulin stimulation of PI3K activity was seen as early as 30 min after glucosamine infusion [33] . Despite this, there was no significant reduction in glucose uptake until 110 min of glucosamine infusion. Insulinstimulated Akt/PKB activity was unaltered by glucosamine [32] . Although those studies were performed on skeletal muscle, similar alterations in insulin signalling may also be effected in vascular tissue, leading to the impaired total flow and capillary recruitment seen here.
Also, recent studies [34] have demonstrated that GFAT is present in endothelial cells, and that glucosamine inhibits NO production in cultured endothelial cells exposed to glucosamine for 24 h [35] . Rather than having a direct effect on NOS activity, this is a consequence of the inhibition of the pentose cycle and subsequent decreased levels of the essential cofactor for NOS, NADPH [35] . Similarly, other studies have shown that endothelium-dependent vasodilation was impaired in thoracic aorta rings from rats infused with glucosamine and that this was a result of the inhibition of NOS by glucosamine [19] . Since both the insulin-mediated increases in total flow [15, 36] and capillary recruitment [16] have been suggested to be NOSdependent, this could be the mechanism for the glucosamine-mediated inhibition of capillary recruitment and total flow. The effects of glucosamine on gene expression in endothelial cells [37] should also be considered, if longer-term exposure occurs.
It is important to note that failure of the vascular endothelial insulin receptor knockout (VENIRKO) mouse to show impaired insulin-stimulated glucose disposal [38] weakens the proposal that endothelial NO is involved in the vascular action of insulin, by which insulin increases access for glucose and itself, thereby contributing to glucose uptake by muscle. Evidence from a number of laboratories indicates that limb blood flow is controlled by insulin acting via a NO-dependent mechanism presumed to be initiated via vascular endothelial cells [15, 36, 39] . However, the role of limb blood flow in insulin-mediated glucose uptake is at best controversial [40] . Thus, in this respect the VENIRKO mouse helps to resolve the controversy. In Table 1 Arterial and venous plasma 1-MX concentrations, femoral arterial flow rate and calculated hind limb 1-MX metabolism for anaesthetised rats infused with saline, N-glucosamine, insulin or both N-glucosamine and insulin contrast, there is growing evidence that insulin-mediated capillary recruitment may play a key role in muscle glucose uptake, particularly in animal models [18] and is impaired in animal models of muscle insulin resistance [12] [13] [14] 41] and in obese humans [42, 43] . Capillary recruitment is controlled independently of limb blood flow [17, 18, 21] and occurs in response to locally administered physiological insulin in human forearm in association with glucose uptake [44] . In the absence of an endothelial involvement, insulin may act directly on vascular smooth muscle cells of the terminal arterioles to mediate capillary recruitment. Clearly, further studies are required to address this issue. In addition it will be important to test whether the VENIRKO mouse responds to insulin in terms either of capillary recruitment and/or of limb blood flow. Alternatively, the haemodynamic effects of insulin may result from increased glucose uptake and subsequent release of a metabolic vasodilator, in which case the blunted haemodynamic actions may be secondary to the impairment of metabolism by glucosamine. In this regard it has been suggested that the insulin resistance induced by glucosamine is caused by an impaired translocation of GLUT4 to the plasma membrane [45] . This has been proposed to result from glycosylation of proteins involved in the translocation and docking of GLUT4 to the plasma membrane [45] . Indeed the incorporation of labelled glucosamine into GLUT4-containing vesicles was increased by glucosamine infusion [46] . The finding that glucosamine inhibited the translocation of both an insulin-sensitive and an insulin-insensitive pool of GLUT4 [45] implies that glucosamine can act directly on GLUT 4 translocation. This is further supported by studies demonstrating that exercise-stimulated glucose uptake is also impaired by glucosamine [47] . However, there is now indirect evidence making it unlikely that insulinmediated capillary recruitment is regulated by metabolite(s) from muscle. Thus insulin-mediated capillary recruitment, measured by contrast-enhanced ultrasound, is an early event in insulin action in vivo preceding the stimulation of glucose uptake [18] . We have also shown, using both 1-MX metabolism and contrast-enhanced ultrasound, that capillary recruitment occurs at insulin concentrations that do not alter muscle glucose uptake [17] .
If the impaired haemodynamic changes observed here are a major outcome of and possibly contributor to, the insulin resistance induced by glucosamine, then impaired haemodynamics may also play a role in glucose toxicity. In general terms, a number of studies indicate that increased flux through the hexosamine biosynthesis pathway may be involved in the insulin resistance induced by hyperglycaemia. For example, GFAT activity was found to be higher in muscle from type 2 diabetic subjects [48] . This may be a result of hyperglycaemia and/or hyperinsulinaemia as each of these has been shown to upregulate GFAT activity [49] . Moreover, in rats the insulin resistance induced by chronic hyperglycaemia and glucosamine was not additive, suggesting a shared mechanism [7] . However, more recent studies suggest that there are differences in the mechanisms, since troglitazone treatment prevents the insulin resistance associated with hyperglycaemia, but not that associated with glucosamine [29] . In muscle the level of UDP-GlcN was positively correlated with the decrease in glucose infusion rate [46] . Interestingly, in humans, glucosamine infusion impairs insulin-mediated glucose utilisation under hyperglycaemia, but not at euglycaemia [50] as it does in rats [6, 7] . Taken together, it seems that glucosamine does model high-glucose-induced insulin resistance in muscle and it would be interesting to investigate whether high glucose also inhibits insulin-mediated capillary recruitment.
It is important to note that the present in vivo findings were obtained from anaesthetised animals where neuronal reflexes may be suppressed and thus distort the outcomes and highlight a vascular component of insulin resistance that might be less pronounced in conscious animals. However, in the present studies, the heart rate and blood pressure were normal and other recent studies have shown that insulin-mediated capillary recruitment occurred early, relative to muscle glucose uptake [18] and at physiological doses of insulin [17] , indicating that a desensitising effect of the anaesthetic is unlikely. Moreover, studies in human forearm, where the subjects were instructed to remain still, have shown insulin-mediated capillary recruitment, again at physiological insulin levels [44] .
Further studies are required to confirm that the present findings are relevant to human subjects, where, so far, glucosamine has not been seen to affect insulin-mediated glucose uptake [51] . This may reflect an involvement by liver, a species difference in the handling of glucosamine, since similar plasma levels of GlcN did induce insulin resistance in the rat [31] . Or it may simply be the result of not achieving sufficiently high levels of intracellular metabolites of the glucosamine pathway in muscle cells. Thus, short-term infusion of glucosamine into the forearm of healthy human subjects achieved 0.42 and 0.81 mmol/l, but these were without effect [51] . In the present study, plasma levels were approximately 2 mmol/l and there was evidence that, at this level, significant metabolism had occurred.
In summary, glucosamine administered acutely in vivo induced a state of muscle insulin resistance that was associated with markedly impaired haemodynamics where, in the presence of glucosamine, insulin did not significantly increase total flow or capillary recruitment. We propose that glucosamine inhibits insulin signalling in as yet unidentified site(s), thereby blocking the increases in total flow and capillary recruitment. In so doing, impaired access for insulin and glucose may ensue, contributing to insulin resistance in a similar way to previous experimental situations, where capillary recruitment by insulin was blocked [12] [13] [14] .
